O ne of the major challenges at the forefront of research into nanoparticle/polymer systems is nanoparticle dispersion. The spatial distribution of nanoparticles in the polymer matrix affects a range of properties, from flow and strength to electrical and thermal conductivity. More control over nanoparticle dispersion could allow better property "tuning" and provide appropriate functionality. 1À4 In particular, the ability to keep nanoparticles isolated and uniformly dispersed is critical in creating hybrid materials that retain the fluidity of the host polymer while incorporating a high fraction of inorganic particles with their associated properties. 1, 5 Fluids with high nanoparticle content are of particular interest for applications such as lubricants, 6, 7 high refractive index materials for lithography, 8 battery electrolytes, 9 carbon capture materials, 10 and other applications where processability demands fluidity but functionality demands a high inorganic content. However, dispersing nanoparticles uniformly in a polymer is often challenging. FloryÀHuggins theory suggests that in order to achieve a stable and uniform dispersion, the particle and polymer have to be chemically compatible, that is, with an interaction parameter χ e 0. 2 This is achieved in one of two ways; either by choosing an appropriate nanoparticle/ polymer combination (such as cross-linked polystyrene particles and a linear polystyrene host), or by grafting short oligomeric or polymeric chains to the surface of the particle, creating a "corona" that has a favorable interaction parameter with the host.
11À14
The first approach limits the choice of materials in the composite. Additionally, it has been shown by Mackay et al . that this approach is limited to systems where the radius of the particle is less than the radius of gyration (R g ) of the polymer. 2 The second approach is more general, with a vast library of core/shell particle systems that have been made by a variety of methods, 15 but the dispersion characteristics are highly sensitive to the graft density and molecular weight of the corona and host matrix. 16 The sensitivity of the final structure to precise synthetic control of the materials, in addition to the chemistry required to graft the corona or grow it from the surface of the particle, imposes limits on scale-up and commercial production. An alternative approach is to graft short oligomeric chains with ionic functionalities to the particles, and then react those functionalities with a polymer end-terminated with a functionality of the opposite charge.
17À26
These nanoparticle ionic materials (NIMs) are notable because they are more similar to one-phase, solvent-free molten salts than two-phase dispersions of nanoparticles. While NIMs have been demonstrated with several nanoparticle cores as diverse as metal oxides, 21, 22, 26, 27 chalcogenides, 20 and metals, 19 all these systems still require the modification of the nanoparticle surface with a molecular corona to impart the necessary charge. For example, in silica-based NIMs the nanoparticles are typically reacted with a silane comprising a terminal sulfonic acid or amine group. 23 While this approach has the advantage of producing a more tunable platform, it does not eliminate the grafting and purification steps entirely. We describe here an alternative system where we exploit the favorable interactions between the polymer and the nanoparticles using an end-functionalized amine-terminated polymer (PEO-NH 2 ) to react with the inherently acidic hydroxyl groups present on the surface of silica (SiO 2 ) nanoparticles. We show that despite the relatively high inorganic content the SiO 2 nanoparticles are well dispersed due to the ionic interactions present in this system and the material behaves distinctly different from systems where these interactions are absent. First, the ionic hybrids show a highdegree of order in both thin film and bulk forms. Second, the unique dispersion of the nanoparticles endows them with a liquid-like character despite their high inorganic content. In contrast, the controls show solid-like character and a yield stress consistent with nanoparticle aggregation and poor dispersion levels.
While we demonstrate the approach using silica nanoparticles, the method is general and can be used with a variety of nanoparticles provided that they possess surface groups that can act as acids or bases and interact with polymers containing appropriate groups. The favorable χ parameter due to the presence of strong ionic interactions ensures thorough mixing and an excellent dispersion of the nanoparticles within the polymer matrix. Either end-functionalized polymers or polymers with appropriate side groups can be utilized although the presence of multiple interaction sites could lead to cross-linked systems. We note that our approach uses commercially available colloidal silica making the process simple and scalable. In an earlier publication we focused on polyhydroxylated fullerenes, 25 but the small, well-defined molecular weight of fullerenes makes that material closer to a molecular ionic liquid than a true nanoparticle hybrid material. This approach is analogous to the use of ionic blend compatibilizers in creating well-dispersed polymeric blends, 28 with the difference being that one of the components in the blend is an inorganic nanoparticle (which has been shown to lead to an additional entropic penalty that has to be overcome).
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RESULTS AND DISCUSSION
Using the monomer length l 0 of 0.37 nm, C ¥ = 5.6, and 44.05 g mol À1 for the repeat unit and molecular mass for PEO we estimate the radius of gyration for a 20 kDa coil in a Θ solvent (and therefore also in the melt) to be 7.6 nm. 29 The pH and zeta potential of the as obtained, Na þ -stabilized silica suspension (0.03 g/mL)
are 11 and À30 mV, respectively. Passing the silica through a proton exchanged resin results in a suspension with a pH of about 3 and a zeta potential of À5 mV. The pH and zeta potential values indicate that nearly all surface groups are in the neutral, protonated form.
30,31
The acidity of silica surface hydroxyls (silanols) is well established, although the exact pK a values vary depending on the system. Typically, two pK a values have been reported for silanols ; one in the 4À5 range, and another in the 8À10 range. 32À34 The surface silanol density is about 4À5 ÀOH/nm 2 , of which the more acidic groups are reported to be anywhere between 10% to 20%. We expect only the more acidic sites to take part in an acidÀbase reaction with PEO-NH 2 Figure 1a shows the pH profiles obtained in titrating NaOH solution and the amine-terminated polymer with the H þ -exchanged silica suspension. The reaction with PEO-NH 2 can be represented by
As silica is added to the PEO-NH 2 solution the equilibrium shifts to the right and an ionic hybrid is formed. At a pH of 8.5, the zeta potential of the resulting suspension was about ζ = À17 mV, indicating that the protons ARTICLE from the silanols have reacted with the terminal amine groups on the PEO, and the particles are again negatively charged. If more silica is added, the pH drops rapidly as the concentration of free acidic silanols increases. In contrast, when the (SiO 2 )ÀOH is added to PEG, the pH drops immediately to 4 as the number of free acidic silanol groups goes up from zero, and then remains essentially unchanged since there is nothing to counteract the acidity of the free silanols. The measured point of complete reaction as 0.28 mmol per gram of SiO 2 corresponds to an inorganic volume fraction of 0.15 in the hybrid with 20 kDa PEO-NH 2 . If R is the inorganic mass fraction for a given hybrid, then the number of polymer molecules per particle N is given by
where F core and r are the density and radius of the silica particle, N A is Avogadro's number, and M W is the molar mass of the polymer. If we take the equivalent point to be at R = 0.15, we obtain N = 805 for the 20 kDa PEO, which corresponds to an active silanol density of 1 nm
À2
and is in excellent agreement with the estimate of 20% of the total number of the silanol groups (5 OH/nm 2 ) being acidic.
Aliquots of the solution were taken at regular intervals during the titration experiment and the size was measured by dynamic light scattering. The particle size obtained is shown in Figure 1b . In the case of the amine-terminated PEO, the particles stay dispersed in solution until the pH drops below 6, at which point the solution becomes turbid and the particles aggregate, as seen by a jump in both the nominal particle size, and by the width of the size distribution.
The protonation of the silica and the formation of the ionic bonds are essential to obtaining a good dispersion of particles into the polymer. Figure 2a is a TEM micrograph of a sample consisting of 20% by weight SiO 2 nanoparticles and a 20 kDa PEO-NH 2 , showing excellent dispersion with the silica nanoparticles evenly dispersed in the polymer. In contrast, aggregation and phase-separation of the particles in the polymer can be seen in Figure 2b , which shows a TEM micrograph of an identically prepared sample but where sodiumstabilized silica particles were used, and Figure 2c , which shows a TEM micrograph of an identically prepared sample with proton-exchanged silica particles and hydroxyl-terminated PEO.
PEO is known to absorb on the surface of silica via hydrogen-bonding involving terminal groups or the backbone ether oxygens. 35, 36 In the case of the PEO-NH 2 , the amine groups preferentially react with the surface silanols of the particles, and since there is a single reactive group per PEO-NH 2 molecule, each particle becomes surrounded with a layer of PEO-NH 2 chains. In contrast, with the PEO, the particles aggregate immediately, even at low inorganic fractions, as seen in Figure 1b , a phenomenon that has been exploited to flocculate stable silica suspensions.
The "ordering" shown in Figure 2a can be analyzed to determine the packing geometry of the particles. The positions of the particle centers are extracted using the software package ImageJ, and then a Matlab script is used to create a Voronoi diagram. Figure 3a shows the same image with a superimposed Voronoi diagram. It is easy to see that the majority of particles are hexagonally coordinated, with "point defects" consisting of somewhat larger or smaller particles, and "line defects" consisting of alternating pentagonally and heptagonally coordinated particles. We conclude that the particles pack as spheres in 2D, which is consistent ARTICLE with a spherical shell surrounding each particle. This shell is invisible in brightfield TEM, but seen using HAADF-STEM (Figure 2a inset) . The fact that the arrangement is not perfectly crystalline is due to inhomogeneity in the particle sizes. The defect lines in the Voronoi diagram do not form complete grain boundaries because the polymer shell is soft, allowing the defects to reabsorb into the hexagonal structure.
Small-angle X-ray scattering (SAXS) measurements were carried out on the ionic hybrid and both control samples in order to obtain structural information on the distribution of the particles. The samples were heated to 75°C (above the melting temperature of PEO) to probe the arrangement of particles and eliminate any complications from the crystallinity of the PEO chains.
The scattering curves of all three samples are shown in Figure 4a . In general, the scattering intensity of a twophase system of polydisperse particles can be described as the product of the form factor P(q) and an effective structure factor S(q) by I(q) µ (ΔF) 2 P(q)S(q) where ΔF is the electron density difference between the two phases, that is, the silica core and the polymer matrix. 37 For dilute systems with negligible interparticle interactions, the structure factor is constant, S(q) = 1. For such samples, the scattering curve can be fully described by the form factor P(q).
All three samples show small modulations in the scattering intensity between q = 0.4 to 1.5 nm À1 which allows us to determine the amount of polydispersity and result in a mean diameter and a Gaussian halfwidth for silica particles with d = 16 ( 2 nm, which is consistent with TEM measurements of the size of the particles. The ionic hybrid shows two additional peaks in the range between 0.2 and 0.4 nm À1 . They can be attributed to the short-range order, that is, the presence of electrostatic interactions between the negatively charged silica cores and the positively charged PEO-NH 2 chains, which leads to a regular arrangement with a characteristic particle-to-particle distance. From the position of the first peak, the distance between two silica particle centers is roughly d = 2π/q max = 27 nm. The control samples (Na þ stabilized SiO 2 particles in PEO-NH 2 and SiO 2 -OH mixed with unfunctionalized PEO) do not exhibit a distinct short-range order peak, but an intensity increase toward very low q-values. These results indicate some agglomeration and are described here by a structure factor from a fractal model. 38, 39 To separate the effect from structure factor and form factor, we used the generalized indirect Fourier transformation (GIFT) for data evaluation. 40, 41 GIFT allows us to simultaneously determine both the pair distance distribution function p(r) and pair correlation function g(r), describing the shape of particles and their interaction in real space. Since the ionic material consists of charged particles, we decided to use the Yukawa potential for charged spheres as a structure factor model, which can be solved by a rescaled mean spherical approximation (RMSA). 42, 43 From the model, one obtains a particle-to-particle distance of 27.2 nm from the first peak maximum of the structure factor (Figure 4b ). 44 Additionally, one obtains an effective hard sphere volume fraction η, which describes the probability of finding two particles at a well-defined distance from each other, in analogy with the packing of hard spheres. The value of η is 0.38, suggesting a high degree of order in the system. Note that η in an ordered SC lattice is 0.52. The degree of ordering in the ionic hybrid system is even more astonishing considering that the measurements were carried out at 75°C, where the system is a fluid. In contrast, the structure factor in the control systems is described with a fractal model, 38, 39 which corresponds to a wide range of different particle-toparticle distances. This agglomeration is also visible in the TEM images (Figure 2b and 2c) . The wide size ARTICLE distribution leads to no specific short-range order peak, but to an intensity increase toward low q-values (Figure 4a ). The corresponding structure factors from the fractal model are shown in Figure 4b . The value for the fractal dimension is 2.4, indicating the mass fractal nature of the control samples. It should be noted that large agglomerates with a more welldefined size can be seen in Figure 2c , but their size is larger than 100 nm and a short-range order peak would not be within the accessible q-range of the SAXS measurements.
An estimate for the brush height of the polymer is given by
where
With graft density σ = 1 nm À2 , degree of polymerization n = 454, nanoparticle radius R 0 = 8 nm, and setting the Flory parameter χ PP = 0 to capture the fact that in a melt the polymer is its own solvent, we can solve for h, obtaining h = 21 nm. If we consider each particle and its associated polymer as a single sphere, we would find (from the particleÀparticle separation of 27.2 nm calculated by SAXS) a brush height of 5.6 nm. The seemingly large discrepancy is explained by two factors. First, the polymers attached to neighboring particles interpenetrate strongly, since there is no other solvent in the system to swell the brushes. Second, there is a space-filling constraint; the polymer has to fill all the interstices between the hard spheres. 46 These two factors combine to reduce the particleÀparticle separation from the theoretically predicted value. The larger particleÀparticle distance seen in the TEM images is believed to be a consequence of the dropcasting method for the preparation of thin samples: as the solvent evaporates, the coreÀshell spheres shrink anisotropically, forming disks that by conservation of volume have a larger lateral radius than the original sphere in 3 dimensions.
The consequences of a well-dispersed system of particles are dramatically manifested in their rheological behavior. Samples were characterized by imposing a constant oscillatory strain γ(t) = γ 0 sin(ωt) within the linear viscoelastic regime, and monitoring the complex viscosity, η*(ω), and the complex modulus, G*(ω) = G 0 þ iG 00 . A convenient way to study different materials is to plot the complex viscosity as a function of the complex modulus ( Figure 5 ). 47 The neat PEO-NH 2 behaves like a Newtonian fluid, with constant viscosity across the measured range of complex moduli. On the other hand, the controls, which show significant phase separation and aggregation by TEM and SAXS, show a divergent η* at low G*, characteristic of solid materials with a yield stress. This divergence has been attributed to the formation of networks of particles within the material. 1, 5 In contrast, the ionic hybrid shows shear thinning, but also has low viscosities across the entire span of complex moduli measured. We attribute this fluid-like behavior to three factors: First, the ability of the ionic hybrid to resist phase separation due to the more favorable polymerÀparticle interactions than polymerÀpolymer and particleÀparticle interactions, which prevents the formation of reinforcing particle networks. Second, the ability of chains to "hop" from one particle to another has been shown to enhance fluidity, as seen in NMR studies of other NIMs systems. 48 And finally, the outer portion of the polymer chains that occupies the interstices between the spheres acts as a solvent for the rest of the system. 49 The shear thinning behavior has been shown by simulations on solvent-free grafted polymer systems to be due to the alignment of chains in the material. 50 
CONCLUSIONS
We report a simple and scalable method of synthesizing well-dispersed nanoparticle/polymer hybrids comprising relatively high volume nanoparticle fractions by exploiting the electrostatic interactions as a result of an acidÀbase reaction between the native silanol groups of silica and an amine-terminated polymer. While we demonstrate here silica as a model system the approach can be easily extended to other oxide or nitride nanoparticles and polymers with complementary functional groups. The ionic hybrids show remarkable dispersion of the nanoparticles and appeared ordered in both thin films (TEM images) and bulk forms (SAXS). Control hybrid samples, where the ionic interactions have been turned off intentionally, show high levels of nanoparticle aggregation and behave more like conventional nanoparticle/ polymer mixtures. The unique dispersion of the nanoparticles endows them with liquid-like character ARTICLE despite their high inorganic content. In contrast, the controls show solid-like character and a yield stress consistent with nanoparticle aggregation and poor dispersion levels.
MATERIALS AND METHODS
Amine-terminated poly(ethylene oxide) (PEO-NH 2 ) (FW 20 kDa, PDI 1.02) was purchased from Laysan Biotech. Ludox sodium-stabilized, silica (HS30, average diameter 16 ( 2 nm), poly(ethylene oxide) (PEO) (FW 20 kDa) and Dowex HCR-W2 ionexchange resin were obtained from Sigma Aldrich. All materials were used as supplied.
To create the ionic hybrid the HS30 silica suspension is first diluted to 3 wt % and passed three times through a column of H þ -exchanged Dowex resin to fully protonate the surface hydroxyls to form a suspension referred to as (HS30)ÀOH.
The optimal silica/PEO-NH 2 ratio was determined by first titrating a known volume of 3% (HS30)ÀOH solution with a 1.5 mM NaOH solution and monitoring the pH (Figure 1a) . We find that the surface of the silica is neutralized (as evidenced by the change in the slope of the pH curve) at a ratio of 0.28 mmol of NaOH per gram of SiO 2 particles.
SiO 2 /PEO-NH 2 hybrids were synthesized by adding the silica suspension dropwise to a 3% (1.5 mM) solution of PEG-NH 2 solution to reach the desired composition. The suspension was then stirred vigorously for about 6 h before it was frozen with liquid nitrogen and then placed in a lyophilizer to remove the water. All samples were then annealed at 75°C in vacuum for 48 h before characterization.
Two control samples void of any ionic interactions were prepared for comparison following the procedure described above. In the first a hydroxyl-terminated poly(ethylene oxide) (MW 20 000) was used. In the second the pristine sodiumstabilized silica suspension (HS30)-Na þ (without the H þ exchange step) was added directly to the PEO-NH 2 solution.
For electron microscopy, the samples were diluted to 1% by weight in deionized water, and then a 5 μL drop was placed on a copper grid and allowed to rest for a minute before most of the water was blotted away. The grid was dried completely in air, and then annealed in vacuum at 75°C before imaging. Brightfield TEM was carried out on a FEI Tecnai T12 microscope operating at 120 kV. High-angle annular dark field microscopy was carried out on a FEI Tecnai F20 microscope, operating at 200 kV. Dynamic light scattering and zeta potential measurements were carried out on a Malvern Instruments Zetasizer Nano. Rheological measurements were conducted on a Anton Paar MCR-501 rheometer with a peltier/nitrogen gas heating chamber and 25 mm diameter cone and plate geometry (measuring system CP25-1). All rheological measurements were carried out at 75°C.
Small angle X-ray scattering (SAXS) experiments were carried out on a Bruker NanoStar Turbo X-ray source (rotating anode generator with CuKR radiation, wavelength 0.1542 nm) and equipped with a pinhole camera. The radiation is monochromatized and collimated with crossed Goebel mirrors. The samples were placed into quartz glass capillaries with 10 μm thick walls (Hilgenberg, Germany), and the measurements on the bulk materials were carried out at 75°C. The X-ray images were recorded for 900 s with a 2D position sensitive detector (Vantec 2000), corrected for background scattering and radially integrated to obtain the scattering intensity as a function of the scattering vector, q = (4π/λ) sin θ, with 2θ being the scattering angle and λ the X-ray wavelength.
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